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Section  1 


INTRODUCTION  AND  SUMMARY  OF  RESULTS 


Background 

Under  Contract  No.  N00C14-S2-C-2luo  with  the  Naval  Research  Laboratory, 
Calspan  Corporation  continued  its  laboratory  evaluation  of  hvgroscopic  pyro¬ 
technic  smoke  screens,  a  collaborative  investigation  with  several  Navy  labora¬ 
tories  now  in  its  fifth  year.*  The  overall  objective  of  the  program  is  the 
development  of  an  effective  screening  agent  to  both  visible  and  IR  wavelengths 
utilizing  pvrotechn ically-generated  hygroscopic  aerosol.  Calspan's  primary 
role  in  the  Navy  program  is  to  evaluate  the  extinction  performance  of  pyro¬ 
technics  developed  by  the  Naval  Weapons  Center  and  to  provide  recommendations 

directed  at  improving  the  extinction  performance  of  these  smokes.  The  evalu- 
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at  ion  is  conducted  in  Calspan's  600  m  test  chamber  and  includes  measurement 
of  the  smokes'  mass  extinction  coefficient,  yield  factors,  chemical  composi¬ 
tion  and  particle  size  distribution. 

In  general,  the  NWC  pyrotechnics  are  formulated  to  produce  smokes  of 
alkali-halide  salt  particles  upon  combustion.  The  primary  advantage  of  such 
pyrotechnics  is  their  ability  to  produce  copious  numbers  of  hygroscopic  aero¬ 
sol,  which,  when  exposed  to  a  sufficient  level  of  ambient  humidity,  deliquesce 
to  form  solution  droplets  of  approximately  twice  their  original  size  and  five 
times  their  original  mass.  Thus,  only  a  fraction  of  the  resultant  cloud  mass 
(smoke  screen)  originates  from  the  pyrotechnic,  the  remaining  mass  being 
supplied  by  atmospheric  water  vapor. 

Objectives  of  Current  Program 

In  pursuit  of  an  effective  IR  wavelength  screen  and  an  increased  under¬ 
standing  of  the  particle  formation  mechanisms  and  resultant  size  distribution, 
this  year's  efforts  focused  on  two  primary  objectives: 


*  The  first  four  years  of  the  investigation  were  conducted  under  the  sponsor¬ 
ship  of  the  Naval  Air  Systems  Command,  AIR  32R  (formerly  AIR  3100 . 
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1.  Through  a  series  of  chamber  tests,  assess  the  visible  and 
IR  wavelength  extinction  characteristics  of  four  recently 
developed  NWC  pyrotechnics:  LiCl^l,  LM9,  LM11  and  LM12. 

2.  Through  a  series  of  chamber  tests  conducted  by  Calspan  with 
participants  from  NRL  and  NWC,  investigate  the  smoke 
particle  size  distribution  as  functions  of  pyrotechnic 

and  associated  burn  parameters. 

Summary  of  Major  Results 

Results  from  this  year's  tests  show  that  the  new  NWC  smokes  signifi¬ 
cantly  outperform  all  previous  NWC  smokes  tested  by  Calspan  on  this  program. 

At  IR  wavelengths  the  newly  developed  LM12  pyrotechnic  provides  up  to  40  times 
the  extinction  of  CY85A.  Its  superior  IR  performance  is  attributed  to  the 
combined  effects  of  absorption  by  the  % 25 %  (by  weight)  carbon  content  of 
the  LM12  smoke  and  scattering  by  relatively  large  smoke  aerosol. 

Improvements  were  also  measured  for  visible  wavelength  extinction. 

The  LMS  pyrotechnic,  generating  a  very  hygroscopic  LiCl  aerosol,  provided 
from  2  to  4  times  the  extinction  of  CY85A  chiefly  through  scattering  effects. 

A  limited  study  of  factors  affecting  the  size  distribution  of  the 
pyrotechnic  smokes  revealed  that  aerosol  size  is  dependent  upon  both  payload 
mass  and  pyrotechnic  ventilation.  Increased  payload  mass  led  to  increased 
particle  size  believed  due  to  an  increase  in  the  concentration  of  condensable 
gases  generated  by  the  pyrotechnic  as  well  as  aerosol  coagulation  within  the 
chamber.  Ventilation  of  the  pyrotechnic  during  combustion  diluted  the 
condensable  gases  resulting  in  decreased  particle  size. 

The  above  topics  are  discussed  in  greater  detail  within  the  body  of 
this  report.  Section  2  describes  the  chamber  facility,  instrumentation  and 
test  procedures.  Results  of  the  extinction  and  mass  yield  measurements  are 
presented  in  Section  3.  Section  4  presents  the  results  of  the  si'.e  distribu¬ 
tion  measurements.  The  major  conclusions  drawn  from  this  year's  efforts 
and  recommendations  for  future  work  are  presented  in  Section  5. 

Definition  of  extinction  and  yield  parameters  is  provided  in  Appendix  A. 
Appendix  B  presents  a  limited  comparison  of  the  NWC  smokes  to  white  phosphorus. 
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Section  2 


FACILITIES  AND  PROCEDURES 

2 . 1  Facilities  and  Instrumentation 

THo  f'aispan  chamber  is  cylindrical  with  a  dianete-  c..2  hci0L;  of  9.1 
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meters  enclosing  a  volume  of  590  m  .  The  inner  chamber  surface  is  coated  with 
a  fluoroepoxy  type  urethane  (developed  at  the  Naval  Research  Laboratory, 
Washington,  DC)  which  has  surface  energy  and  reactivity  properties  comparable 
to  those  of  the  FEP  Teflon.  A  complete  air  handling  capability  permits  the 
removal  of  virtually  all  particulate  and  gaseous  contaminants  prior  to  each 
experiment,  the  introduction  of  specified  aerosols,  and  control  of  humidity 
from  30  to  97%  RH . 

Instrumentation  used  to  monitor  aerosol  behavior  within  the  chamber 
included  visible  and  IR  wavelength  transmissometers ,  a  Thermo  Systems  Model 
3030  Electrical  Aerosol  Analyzer  (EAA) ,  and  MR I  Integrating  Nephelometer ,  a 
Gardner  Associates  Small  Partible  Detector,  and  a  Royco  Optical  Particle 
Counter.  Specific  details  of  the  instrumentation  and  chamber  facility  may 
be  found  in  prior  reports  (References  1-4). 

Extinction  of  electromagnetic  radiation  by  the  pyrotechnic  smokes  was 
measured  at  visible  wavelength  over  a  path  of  2.7  m.  A  lense  collimated  beam 
from  an  incandescent  bulb  powered  by  a  regulated  power  supply  was  focused  on 
an  RCA  4440  photomultiplier  detector.  The  photomultiplier  has  a  peak  sensi¬ 
tivity  in  the  range  0.4-0. 5  urn  wavelength. 

The  IR  transmissometer  utilizes  an  18.3  m  path  length,  a  900°C  black 
body  source,  ar.d  an  HgCdTe  detector  operated  at  liquid  nitrogen  temperature. 

The  source  beam,  chopped  and  collimated,  is  directed  through  the  chamber  (at 
a  height  of  1.5  m)  and  folded  back  to  the  detector  by  spherical  front  silvered 
mirrors.  Continuous  measurements  of  extinction  as  a  function  of  wavelength  are 
obtained  via  a  variable  wavelength  filter  wheel  located  in  front  of  the  de¬ 
tector.  The  spectral  resolution  of  this  filter  is  two  percent  over  the  wave¬ 
length  interval  from  2.5-14  urn.  Data  acquisition  and  reduction  is  computer 
controlled.  Intensity  measurements  are  obtained  at  approximately  0.02  urn 
wavelength  intervals,  with  a  complete  2.5-14  urn  scan  requiring  2  minutes. 
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2 . 2  Generation  of  Pyrotechnic  Smokes  j 

Prior  to  each  test,  the  chamber  was  fiLtered  of  background  aerosol 
and  brought  to  the  desired  relative  humidity.  A  preweighed  quantity  of  the 
pyrotechnic  was  then  ignited  within  the  chamber  using  a  propane  torch.  After 
allowing  aevtu  1  minutes  for  the  smoke  to  become  uniformly  mixed  and  tor  tne 
hygroscopic  aerosol  to  come  to  equilibrium  at  the  chamber  humidity,  measure  - 
ments  were  made  of  appropriate  parameters.  The  smokes  were  continuously 
stirred  to  insure  homogeneous  conditions  throughout  the  chamber  during  each  j 

test . 

2 . 3  Mass  Loading  Samples 

Mass  loading  aerosol  samples  were  drawn  upon  Pallflex  type  QAOT  quartz 
fiber  filters.  Sampling  duration  was  typically  fifteen  minutes  at  a  nominal 
rate  of  1  cfm.  Sample  flow  rate  was  controlled  by  use  of  a  calibrated  1  cfm 
critical  orifice  with  appropriate  flow  correction  for  upstream  vacuum.  To 
assure  the  attainment  and  maintenance  of  critical  flow  through  the  orifice, 
both  upstream  and  downstream  vacuums  were  monitored.  Additionally,  a  flow¬ 
meter  was  placed  in  the  sampling  line  providing  a  direct  visual  check  of  the 
flow  rate. 

Assessment  of  aerosol  mass  loading  within  the  chamber  involved  the 
acquisition  of  three  filter  samples  Cone  background  and  two  smoke  samples) 
as  follows:  after  bringing  the  chamber  to  the  desired  test  humidity,  a  back¬ 
ground  filter  sample  was  drawn  to  assess  the  mass  change  due  to  the  inherent 
hygrcscopicitv  of  the  filter  material.  Upon  completion  of  the  background 
sample,  the  pyrotechnic  was  ignited.  After  waiting  five  minutes  for  the 
aerosol  to  become  uniformly  mixed  throughout  the  chamber,  the  two  mass  load¬ 
ing  samples,  drawn  in  sequence,  were  obtained.  The  second  mass  loading  sample 
was  obtained  primarily  as  a  check  on  the  first,  though  it  also  provided  an 
indication  of  the  smoke  mass  decay  rate  due  to  aerosol  fallout. 

Due  to  the  hygroscopic ity  of  the  smoke  samples,  the  filters  were 
weighed  directly  within  the  chamber  environment  immediately  after  sampling. 

In  this  way,  errors  caused  by  condensation  upon  or  evaporation  from  the 
hygroscopic  samples  due  to  exposure  to  humidities  different  from  those  of  the 
test  humidity  were  avoided. 
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To  assess  the  nominal  aerosol  mass  loading,  the  filter  samples  were 
removed  from  the  chamber,  baked  at  110°C  for  one  hour  to  remove  all  condensed 
water,  and  reweighed. 


Section  3 


EXTINCTION  AND  MASS  YIELD  MEASUREMENTS 


3 . 1  Los  of  Experiments 

Table  1  presents  a  complete  log  of  the  chamber  tests  performed  on  the 
current  program.  For  each  test,  the  pyrotechnic  payload  and  chamber  relative 
humidity  are  presented  along  with  the  type  of  data  obtained.  These  data  in¬ 
clude  visible  and  IR  wavelength  extinction  measurements,  yield  factors  ob¬ 
tained  from  mass  loading  samples,  aerosol  size  distributions  and  chemical 
composition  analyses  of  the  aerosol  smokes. 

In  all,  23  tests  were  performed.  In  tests  1-5  and  7-14,  a  relatively 
small  payload  was  ignited  for  assessment  of  aerosol  size  distribution  at  low 
concentration  followed  by  ignition  of  a  larger  payload  for  assessment  of  size 
distribution  at  higher  aerosol  concentrations  and/or  extinction  measurements. 

Tests  1-14  were  conducted  jointly  with  NRL,  NWC  and  Calspan  personnel 
in  March  1982.  Tests  1-6  were  primarily  concerned  with  evaluating  the  extinc¬ 
tion  characteristics  of  a  recently  developed  NWC  pyrotechnic,  LiCl-dl,  relative 
to  the  performance  of  CY85A.  Tests  7-14  were  then  devoted  to  measurement  of 
the  aerosol  size  distribution  for  a  number  of  NWC  smokes  as  indicated  in  the 
table . 

Tests  15-23  were  conducted  solely  by  Calspan  during  late  October  1982. 
These  tests  centered  on  extinction  and  mass  yield  measurements  of  three  newly 
developed  NWC  smokes:  LM9,  LM11  and  LM12. 

The  primary  constituent  of  the  smokes  generated  by  the  LiCl-"l  and  LM9 
pyrotechnics  is  lithium  chloride.  LM11  and  LM12  generate  a  mixed  smoke  con¬ 
taining  magnesium  chloride  and  carbon.  Due  to  the  carbon,  the  LM11  and  L.112 
smokes  are  black,  unlike  the  white  smokes  of  LiCl"l,  LM9  and  CY85A.  Further 
information  on  the  chemical  composition  of  the  smokes  is  provided  in  the  next 
section  followed  by  an  evaluation  of  their  extinction  performance.  . 
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Table  1 


Log  of  Chamber  Tests  Conducted  During  FY82 


TEST  PARAMETERS 

—  ~  1  ?j 

i 

DATA  OBTAINED 

Exp.  Payload 

No.  Pyrotechnic  (r) 

1 

RH 

Ext inct ion 
VIS  IR 

Mass 

Yield 

Size 

Spectra 

Chemical 

Analysis 

1  CY85A 

0.5  4 

160 

16  1 

X 

X 

X 

X 

2  CY85A 

0.5  4 

160 

34  j 

X 

X 

X 

X 

3  LiClfl 

0.5  4 

80 

33  ! 

X 

X 

X 

X 

4  LiCl-'l 

0.5  4 

80 

69  j 

X 

X 

X 

X 

5  LiCl-n 

0.3  4 

80 

84  j 

X 

X 

X 

X 

6  CY85A 

80 

89  [ 

X 

— 

X 

X 

7 

CY85A 

0.5 

4 

5 

- r 

40  1 

X 

8 

LiCl-'l 

0.5 

4 

5 

37  | 

X 

9 

NYC 164 

O.s 

4 

5 

36  1 

X 

10 

LiCl-n 

0.5 

4 

5 

35 

X 

11 

NWC79 

0.5 

4 

5 

30 

X 

12 

NWC78 

0.5 

4 

5 

37 

X 

13 

CY85A 

Ventilated 

0.5 

4 

5 

39 

X 

14 

CY85A 

Chimney 

0.5 

4 

5 

40 

X 

15 

CY85A 

160 

31 

X 

X 

X 

X 

16 

LM9 

80 

42 

X 

X 

X 

V 

17 

LM11 

80 

40 

X 

X 

X 

V 

18 

LM12 

80 

39 

X 

X 

X 

X 

19 

CY85A 

80 

85 

X 

X 

v 

20 

LM9 

80 

83 

X 

X 

X 

21 

LM11 

80 

86 

X 

22 

LM12 

80 

87 

X 

X 

X 

23 

L.Mll 

80 

88 

X 

X 

V 

3 . 2 


Chemical  Composition  of  the  Pyrotechnic.  Smokes 


Low  volume  filter  samples  obtained  for  mass-loading  measurements  during 
the  low  humidity  tests  were  analyzed  for  elemental  composition  of  the  aero¬ 
solized  pyrotechnic.  Analysis  for  K,  Mg,  N'a,  Ca,  and  Li  was  performed 
by  atomic  absorption  spectroscopy.  ion  cnromatography  was  used  to  determine 
Cl  content.  Methodology  for  estimation  of  carbon  content  is  described  below. 

Carbon  was  determined  by  heating  the  samples  to  600°C  to  volitalize 
the  carbon  of;  the  samples  (through  the  conversion  of  carbon  to  gaseous  CO,) 
followed  by  reweighing.  Three  samples  each  for  LM11  and  1M12  were  analyzed 
in  this  manner.  Carbon  content  for  LM11  averaged  36%  '27.8,  37.4,  43. 8%)  and 
for  1M12,  20%  (17.4,  19.3,  22.4%).  Due  to  the  range  of  carbon  content  values 
for  each  smoke,  these  data  are  considered  as  only  estimates  of  the  actual 
carbon  content. 

Attempts  were  made  to  determine  sample  insoluble  content  by  water 
leaching  the  previously  weighed  filter  samples  followed  by  baking  and  reweigh¬ 
ing  of  the  residual  insoluble  matter.  Unfortunately,  filter  wash-out  during 
the  leaching  process  percluded  accurate  gravimetric  determination  of  the  sam¬ 
ple  insoluble  content. 

These  results,  together  with  the  chemical  composition  of  the  bulk  pyro¬ 
technic  (as  provided  by  Dr.  L.  Mathews,  MW’C ,  China  Lake), are  presented  in 
Table  2. 

As  can  he  seen  in  Table  2,  LiCl-'-'l  and  LM9  are  similar  pyrotechnics,  the 
only  difference  being  binder  content.  It  was  observed  during  the  March  1982 
test  series  that  LiCl1-1!  had  an  excessive  binder  content  resulting  in  a  reduc¬ 
tion  of  the  overall  pyrotechnic  performance.  The  pyrotechnic  was  then  reform¬ 
ulated  (to  LM9)  by  MW’C  to  have  a  lower  binder  content  and  was  available  for 
the  second  (October)  test  series.*  As  only  the  binder  content  of  the  pyro¬ 
technic  was  changed,  both  LiCl"l  and  LM9  are  expected  to  generate  similar 
smokes . 

*  We  gratefully  acknowledge  the  assistance  cf  Dr.  L.  Mathews  (NW'C,  China 
Lake)  and  his  associates  for  the  timely  preparation  and  delivery  of  the 
LM9  and  other  pyrotechnics. 
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Table  2 


Composition  by  Weight  Percent  of  the  NKC  Alkali-Halide 
Pyrotechnics  and  Resultant  Sr.okes 

BULK  PYROTECHNIC  COMPOSITION  (N’WC) 


— 

— 

CY85A  : 

LiCl'U 

r 

LM9  ; 

LM1 1 

LM12  ; 

Dechlorane 

i 

56 

1 

51 

Hexachloro  1,  3-Butadiene 

; 

- 

i 

20 

Lithium  Carbonate 

2  ! 

_ 

Lithium  Perchlorate 

-  1 

75 

79  ! 

- 

Magnesium 

5 

5 

5 

15 

19 

Potassium  Perchlorate 

65 

- 

~  i 

Sodium  Chloride 

10 

- 

-  1 

" 

Hydrocarbon  Binder 

18 

_ 

20 

17  i 

i 

29 

10 

L  _ i 

MEASURED  AEROSOL  ELEMENTAL  COMPOSITION  (CALSPAN)* 


CY85A 

mm 

LM11  i 

H 

Cl 

48 

r 
82  ! 

i 

45  , 

58 

Na 

6 

- 

K 

43 

- 

-  j 

- 

Mg 

3 

1  3  • 

18  , 

21 

Li 

<  1 

i  14  : 

- 

- 

c 

- 

1  -  . 

_ !  ■  J _ 

--36  : 

-.20 

* 


LiCl-'-’l  not  analyzed;  believed  similar  to  IM9. 

Carbon  data  preliminary.  Total  insoluble  content  not  available. 
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Pyrotechnics  LM11  and  LM12  generate  smokes  composed  of  MgCl,  and 
carbon  aerosol.  The  carbon  component  of  these  smokes  results  from  the  com¬ 
bustion  of  dechlorane  which  produces  caroon  aerosol  and  chlorine  gas.  The 
chlorine  then  combines  with  magnesium  forming  the  hygroscopic  MgCl^  aerosol. 

3 . 3  Extinction  and  Mass  Yield  Measurements 

Figures  1  and  2  present  the  visible  and  IR  wavelength  nominal  and  payload 
mass  extinction  coefficient,  the  nominal  and  total  pyrotechnic  mass  yield, 
and  the  aerosol  mass  growth  factor  for  the  LM9,  LM11,  LM12  and  CY85A  pyro¬ 
technics  at  relative  humidities  of  approximately  40  and  35  % .  Definition  of 
the  extinction,  yield  and  aerosol  growth  factors  is  provided  in  Appendix  A. 

A  limited  comparison  of  the  extinction  characteristics  of  the  N*WC 
pyrotechnics  to  white  phosphorus  is  provided  in  Appendix  B. 

As  mentioned  earlier,  the  LM9  pyrotechnic  represents  and  improved  ver¬ 
sion  of  LiCl^l.  By  reducing  the  binder  content  of  the  pyrotechnic,  the  pyro¬ 
technic  nominal  mass  yield  was  increased  from  18%  for  LiCl'(l  to  26%  for  LM9. 
Except  for  this  difference  in  the  pyrotechnic  nominal  mass  yield,  the  two 
smokes  are  identical.  Thus,  of  these  two  pyrotechnics,  only  the  improved 
version,  L'!9,  is  discussed  below. 

From  examination  of  Figures  1  and  2,  two  general  conclusions  may  be 
immediately  drawn: 

1.  At  low  humidity,  LM1 1  and  LcH.2  provide  up  to  40  times  greater 
IR  wavelength  extinction  than  CY85A  and  at  high  humidity,  up 
to  10  times  greater  than  CY85A. 

2.  At  low  humidity,  LM9  provides  approximately  three  times  the 
extinction  of  CY85A  over  most  of  the  0.5-14  urn  wavelength 
region.  At  high  humidity  LM9  and  CY85A  are  roughly  equiva¬ 
lent. 
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LM11  and  LM12 


Two  factors  likely  contribute  to  the  superior  IR  wavelength  extinc¬ 
tion  of  LM11  and  12:  absorption  by  carbon  and  relatively  large  particle  size. 

As  discussed  earlier,  carbon  is  a  major  component  of  the  LM11  and  12 
smokes.  Carbon  is  known  to  be  an  effective  absorber  of  both  visible  and  IR 
wavelength  radiation  (Pinto  and.  Wiegand,  1979)  and  thus  absorption  is  likely 
to  be  significant  in  these  smokes. 

Additional  IR  wavelength  extinction  may  be  due  to  scattering  by  rela¬ 
tively  large  particles  in  the  smokes.  While  direct  particle  size  measure¬ 
ments  were  not  made,  the  average  particle  sizes  of  the  LMll  and  12  smokes 
appear  to  be  significantly  greater  than  that  of  CY85A  and  LM9.  The  assump¬ 
tion  of  a  larger  particle  size  is  based  on  the  relatively  rapid  mass  and  ex¬ 
tinction  decay  rates  of  the  smokes  relative  to  CY85A,  and  by  simple  observa¬ 
tion  of  the  smoke  fall-out  on  the  chamber  floor. 

While  the  extinction  of  LMll  and  12  exceeds  that  of  CY85A  in  the  IR, 
the  reverse  is  true  at  visible  wavelengths  where  LMll  and  12  provide  only  ^25 
and  60%  of  the  extinction  of  CY85A  at  high  and  low  humidity,  respectively. 

The  relatively  lower  effectiveness  at  visible  wavelengths  is  attributed  to 
the  lower  concentration  of  particles  of  visible  wavelength  size  (i.e.,  effec¬ 
tive  scatterers)  than  in  the  CY85A  smoke. 

Though  LMll  and  12  are  quite  similar,  LM12  has  a  greater  pyrotechnic 
nominal  mass  yield  (37%  vs  27%)  making  it  the  better  of  the  two  smokes. 

•  LM9 

The  LM9  pyrotechnic  generates  a  LiCl  aerosol  and,  thus,  aerosol  deli¬ 
quescence  is  expected  at  approximately  13%  RH,  considerably  lower  than  the 
■\  80%  RH  required  for  the  complete  deliquescence  of  the  CY85A  aerosol.  The 
superior  performance  of  LM9  relative  to  CY85A  at  low  humidity  (  40/.)  is 

attributed  directly  to  the  lower  deliquescence  humidity  of  the  LM9  aerosol. 

At  35%  RH,  LM9  again  out  performs  CY85A .  While  both  smokes  have  under¬ 
gone  complete  deliquescence  at  this  humidity,  the  larger  aerosol  mass  growth 
factor  for  LM9  ('  7.2)  as  compared  to  that  for  CY85A  (  -1,0)  is  apparently 

responsible  for  the  superior  performance  of  the  LM9  smoke. 
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The  relatively  poor  extinction  performance  of  LM9  at  IR  wavelength 
relative  to  LMll  and  12,  is  attributed  to  small  particle  size  and  lack  of 
absorption  in  the  LM9  smoke,  the  same  factors  attributed  to  the  poor  IR  ex¬ 
tinction  of  CY85A. 


SECTION  4 


SIZE  DISTRIBUTION  MEASUREMENTS  OF  THE  PYROTECHNIC  SMOKES 

During  tests  1-14  measurements  were  made  of  the  aerosol  size  distribu¬ 
tion  (0.01  -  10  um  diameter)  for  pyrotechnics  CY85A,  LiCl;'-‘l ,  NWC  78,  NWC  79 
and  NWC  164  (see  Hanley,  et.al.,  1981  for  composition  data  of  pyrotechnics). 

In  addition  to  determining  the  basic  aerosol  size  distribution  of  the  smokes, 
the  effect  of  payload  mass  and  pyrotechnic  ventilation  on  the  resultant  aero¬ 
sol  size  was  investigated.  The  results  of  these  measurements  are  presented  in 
Table  3.  Simultaneous  measurement  of  aerosol  size  distribution  was  performed 
by  NRL  (Hoppel  and  Frick,  1982)  and  of  the  mass  distribution  by  NWC  (Dr.  L. 
Mathews,  unpublished) . 

NRL's  participation  in  these  tests  was  largely  directed  toward  measure¬ 
ment  of  the  aerosol  size  distribution  and  assessment  of  the  related  particle 
formation  mechanisms.  These  topics  are  discussed  in  detail  in  the  NRL  report 
(Hoppel  and  Frick,  1982).  Thus,  Calspan's  aerosol  size  measurements,  obtained 
primarily  for  instrument  comparison  purposes,  will  be  only  briefly  discussed. 

'To  assess  the  dependence  of  aerosol  size  distribution  on  payload  mass, 
tests  7-12  were  performed.  In  each  test,  payloads  of  0.5  and  5  g  were  ignited. 
As  can  be  seen  from  Table  3,  an  increase  in  payload  mass  resulted  in  an  in¬ 
crease  in  mean  aerosol  diameter  (increasing  from  approximately  0.11  um  for  the 
0.5  g  payloads  to  0.14  um  for  the  5  g  payloads).  Additional  data  obtained  by 
NRL  for  a  160  g  payload  of  CY85A  during  test  2  (for  which  Calspan  instrumenta¬ 
tion  was  overloaded)  showed  a  further  increase  in  the  mean  diameter  to  0.25  um. 
The  increase  in  aerosol  size  with  increasing  payload  likely  results  from  the 
combined  effects  of  an  increase  in  the  concentration  of  condensable  gases  gen¬ 
erated  by  the  pyrotechnic  and  through  aerosol  coagulation  within  the  chamber. 

Tests  13  and  14  were  performed  to  evaluate  the  influence  of  pyrotechnic 
ventilation  upon  the  resultant  aerosol  size  distribution.  For  test  13,  the 
pyrotechnic  was  ventilated  during  combustion  so  as  to  rapidly  dilute  the  con¬ 
densable  gases  generated.  As  can  be  seen  in  Table  3,  ventilation  resulted  in 
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a  decrease  in  the  mean  diameter  with  an  increase  in  the  total  number  of  par¬ 
ticles  produced. 

In  contrast  to  the  ventilated  tests,  test  14  was  conducted  with  a 
chimney,  6  inches  in  diameter  and  4  feet  long,  placed  over  the  pyrotechnic 
during  combustion  so  as  to  increase  the  concentration  of  condensable  gases. 
It  was  expected  that  the  increased  gas  concentration  would  lead  to  larger 
particles  upon  condensation.  Unfortunately,  a  significant  fraction  of  the 
smoke  aerosol  deposited  upon  the  walls  of  the  chimney  preventing  a  meaning¬ 
ful  interpretation  of  the  resultant  size  distribution  data. 
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Section  5 


CONCLUSIONS  AND  RECOMMENDATIONS 


Conclusions 

rvesuits  from  this  year's  tests  show  that  tne  new  inwu  smoxes  significantly 
outperform  all  previous  NWC  smokes  tested  by  Calspan  on  this  program.  At  IR 
wavelengths  the  newly  developed  LM12  pyrotechnic  provides  up  to  40  times  the 
extinction  of  CY85A.  Its  superior  IR  performance  is  attributed  to  the  combined 
effects  of  absorption  by  the  '-2 5 %  (by  weight)  carbon  content  of  the  LM12  smoke 
and  scattering  by  relatively  large  smoke  aerosol. 

Improvements  were  also  measured  for  visible  wavelength  extinction.  The 
LM9  pyrotechnic,  generating  a  very  hygroscopic  LiCl  aerosol,  provided  from  2 
to  4  times  the  extinction  of  CY85A,  chiefly  through  scattering  effects. 

Specifically,  the  major  conclusions  drawn  from  this  year's  effort  are: 

1.  Low  humidity  IR  wavelength  (3-12  urn)  obscuration  provided 
by  the  LK11  and  LM12  pyrotechnics  is  up  to  40  times  the 
obscuration  provided  by  CY85A  and,  at  high  humidity,  up  to 
10  times  greater  than  CY85A. 

2.  Visible  wavelength  (0.5  um)  obscuration  of  LMll  and  LM12  at 
low  humidity  approaches  that  of  CY85A  but  at  high  humidity 
LMll  and  LM12  provide  only  r25 %  of  the  visible  wavelength 
obscuration  of  CY85A. 

3.  LM9  provided  the  greatest  visible  wavelength  obscuration  of 
all  the  NWC  smokes  evaluated. 

4.  Based  on  payload  mass,  LM9  provides  approximately  three  times 
the  obscuration  of  CY85A  at  low  hum  dity  over  nearly  all  wave¬ 
lengths  measured  (0.5-14  um) .  At  high  humidity,  the  obscur¬ 
ation  provided  by  LM9  and  CY85A  is  nearly  equivalent. 
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Recommendations 


•  The  LM11  and  12  pyrotechnics  represent  a  major  advancement  in  the  de¬ 
velopment  of  an  effective  IR  obscurant  derived  from  an  alkali-halide  pyro¬ 
technic.  The  tests  conducted  on  this  year's  program  were  limited  to  the  basic 
Sv-ju. of  the  pyrotechnics'  mass  extinction  coefficient..  lo  gaj.u  a  sound 
understanding  of  the  extinction  mechanisms  responsible  for  the  smokes'  obscur¬ 
ation  effectiveness  and  potential  means  of  increasing  their  obscuration, 
measurements  of  the  smokes'  aerosol  size  distribution,  particle  morphology 
and  fallout  rate  must  be  made. 

•  An  Important  component  of  a  pyrotechnics  performance  is  the  fraction 
of  the  total  pyrotechnic  which  actually  becomes  the  smoke  aerosol  (i.e.,  the 
pyrotechnic  nominal  mass  yield).  As  observed  in  last  year's  study  (Hanley, 
et.al.,  1981)  and  recently  in  a  demonstration  conducted  at  NWC  for  which  a 
thirty  pound  payload  of  CY85A  was  combusted,  the  yield  of  the  pyrotechnic  in¬ 
creases  with  payload  mass.  Thus,  yields  obtained  from  the  relatively  small 
payloads  used  in  the  chamber  tests  may  underestimate  the  yield  of  a  field¬ 
sized  (presently  xi 80  pounds)  payload.  Therefore,  an  evaluation  should  be  made 
to  determine  the  pyrotechnic  yield  for  field-size  payloads.  Preferably,  this 
evaluation  would  consist  of  both  a  theoretical  calculation  of  the  maximum 
potential  yield  based  on  pyrotechnic  composition,  and  large  scale  chamber 
tests  in  which  progressively  larger  payloads  could  be  ignited  to  define  the 
payload  to  yield  relationship. 

•  A  major  factor  affecting  the  ultimate  utilization  of  the  recently  de¬ 
veloped  NWC  smokes  is  their  performance  relative  to  the  Navy  smokes  presently 
deployed.  Thus,  a  comprehensive  evaluation  of  the  obscuration  potential, 
handling  safety,  smoke  toxicity  and  smoke  persistance  should  be  performed  for 
both  the  presently  deployed  and  newly  developed  smokes. 

Based  on  the  conclusions  and  above  discussion,  it  is  recommended  that 
future  study  include  the  following: 
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1.  Continued  evaluation  of  the  LM11  and  LM12  pyrotechnics  to 

obtain  data  on  particle  size  distribution,  particle  morphology 
(particularly  of  the  carbon  aerosol),  particle  fallout  rate, 
and  carbon  content  of  the  smokes  for  development  of  optimum 
formulation . 

2-  Evaluation  of  the  pyrotechnic  nominal  mass  yield  for  field¬ 
sized  payloads  of  the  N3*'C  smokes. 

3.  A  comprehensive  evaluation  of  the  performance  of  the  NVC 
pyrotechnics  to  presently  deployed  Navy  smokes. 

4.  Evaluation  of  possible  health  hazards  associated  with  the 
inhalation  of  the  LM11  and  LM12  smokes. 
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APPENDIX  A 


EXTINCTION  AND  MASS  YIELD  PARAMETERS 

There  are  numerous  parameters  which  may  be  used  to  characterize  the 
extinction  effectiveness  of  an  obscurant.  Which  parameter,  or  combination 
of  parameters,  is  chosen  will  depend  upon  the  specific  applications  involved. 

In  the  development  of  an  obscurant,  it  is  often  desirable  to  separate  the 
effects  of  dissemination  efficiency  and  aerosol  extinction.  By  doing  so, 
each  pluse  may  be  evaluated,  studied  and  improved  separately.  Additionally, 
this  allows  for  comparison  to  other  obscurants  which  may  differ  fundamentally 
in  the  means  of  dissemination  and/or  aerosol  properties. 

When  discussing  hygroscopic  aerosols,  confusion  sometimes  occurs 
with  reference  to  "aerosol  mass"  as  to  whether  this  is  to  include  mass 
resulting  from  processes  such  as  oxidation,  hydration  and  condensation  or, 
is  solel'  the  mass  of  the  aerosol  which  originated  from  the  pyrotechnic.  To 
avoid  this  confusion  in  this  report,  the  term  "total  aerosol  mass"  will 
refer  tc  the  entire  aerosol  mass.  The  term  "nominal  aerosol  mass"  will  refer 
only  to  the  aerosol  mass  which  originated  directly  from  the  pyrotechnic  and 
will  not  include,  therefore,  any  additional  mass  as  may  be  supplied  by  the 
environment.  Thus ,  for  the  alkali-halide  aerosols,  the  nominal  mass  is 
the  total  aerosol  mass  minus  the  mass  of  condensed  water;  for  a  phosphorus 
smoxe  aercsol,  the  nominal  mass  would  be  the  total  aerosol  mass  minus  the 
mass  due  to  oxidation,  hydration  and  condensation. 

In  light  of  the  above,  extinction  measurements  are  reported  in 
terms  of  both  a  dissemination  efficiency  and  an  aerosol  extinction  parameter. 
Dissemination  efficiency  is  presented  in  terms  of  the  pyrotechnic  nominal 
mass  yield  computed  from 

NOMINAL  MASS  YIELD  *  (NOMINAL  AEROSOL  MASS) / (PAYLOAD  MASS) . 


Extinction  measurements  are  presented  in  terms  of  the  nominal  mass  extinction 
coefficient  computed  from 


NOMINAL  MASS  EXTINCTION  COEFFICIENT  = 


_ (EXTINCTION  COEFFICIENT) _ 

(NOMINAL  AEROSOL  MASS  PER  UNIT  CLOUD  VOLUME 


■"  3  x 

(where  the  extinction  coefficient  is  obtained  from  Beer's  Law,  I=IQe  ). 

Thus,  the  extinction  coefficient  is  normalized  by  the  mass  concentration  of 
only  the  aerosol  material  which  originates  from  the  pyrotechnic.  This  parameter 
provides  a  means  of  ranking  the  extinction  effectiveness  of  different  aerosols. 

Additionally,  extinction  measurements  are  presented  normalized  directly 
to  the  payload  mass  computed  from 


PAYLOAD  MASS  EXTINCTION  COEFFICIENT  =  (EXTINCTION  COEFFICIENT) - 

(PAYLOAD  MASS  PER  UNIT  CLOUD  VOLUME) 


Clearly,  the  payload  mass  extinction  coefficient  is  mathematically  equal  to 
the  product  of  the  nominal  mass  yield  and  nominal  mass  extinction  coefficient. 

When  dealing  with  a  deliquescent  aerosol,  where  particle  size  and, 
hence,  extinction,  is  a  function  of  humidity,  a  measure  of  the  aerosol  growth 
is  useful  in  interpreting  the  extinction  data.  Aerosol  growth  will  be 
represented  by  the  aerosol  mass  growtn  factor  computed  from 


AEROSOL  MASS  GROWTH  FACTOR  =  (TOTAL  AEROSOL  MASS) / (NOMINAL  AEROSOL  MASS). 


Also,  the  added  mass  due  to  condensation  will  increase  the  total  mass  yield 
of  the  pyrotechnic.  This  is  reported  as  the  pyrotechnic  total  mass  yield 
computed  from 

TOTAL  MASS  YIELD  (3  RH)  =  (TOTAL  AEROSOL  MASS  (3  RH) )/ (PAYLOAD  MASS). 
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APPENDIX  B 


A  LIMITED  COMPARISON  OF  THE  NWC  PYROTECHNICS  TO  PURE  WHITE  PHOSPHORUS 

Figures  B-l  and  B-2  present  a  rnmparianri  of  the  extinction  effective¬ 
ness  of  the  alkali-halide  smokes  to  a  phosphorus  smoke  at  40  and  90%  RH. 

The  payload  used  in  the  phosphorus  tests  were  purified  laboratory  grade  white 
phosphorus . 

Unlike  the  alkali-halide  smokes  for  which  the  mass  loading  samples 
were  baked  and  reweighed  to  measure  the  nominal  aerosol  mass,  the  nominal 
aerosol  mass  of  the  phosphorus  smokes  was  computed  by  dividing  the  total 
aerosol  mass  (as  measured  by  mass  loading  filter  samples)  by  the  assumed 
phosphorus  aerosol  mass  growth  factor  as  given  by  Tarnove  (1979)  . 

As  dan  be  seen  in  the  figures,  the  IR  wavelength  nominal  m;  ss  extinc¬ 
tion  coefficient  for  the  LMll  and  12  smokes  is  equal  to  that  of  the  phosphorus 
except  in  the  8-11  um  regime  where  phosphorus  has  P=0  absorption  bands. 

Additionally,  the  visible  wavelength  nominal  extinction  coefficient 
for  the  LM9  smoke  equals  that  of  phosphorus  at  low  humidity  and  exceeds 
phosphorus  by  approximately  50%  at  high  humidity. 

Relative  to  payload  mass,  the  white  phosphorus  outperformed  the  NWC 
smokes,  though  the  new  smokes  have  significantly  narrowed  the  gap.  It  must 
be  emphasized  that  the  phosphorus  used  was  purified,  laboratory  grade  wb-f.te 
phosphorus  which  likely  has  a  higher  yield  than  actual  munition  phosphorus. 
Thus,  the  obscuration  potential  of  the  NWC  smokes  may  be  closer  to  that  of 
actual  phosphorus  munitions  than  is  indicated  in  the  figures. 
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Figure  B-l .  Comparison  of  the  Extinction  Characteristics  of  the  M\C 
Pyrotechnics  to  IVhite  Phosphorus  at  ’40^  RH, 
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Figure  B-2.  Comparison  of  the  extinction  Characteristics  of  the  NIVC 
Pyrotechnics  to  IVhite  Phosphorus  at  ^85°-  RH. 


